Recombination of H + 3 with electrons was studied in a low temperature plasma in helium. The plasma recombination rate is driven by two body, H + 3 + e − , and three-body, H + 3 + e − + He, processes with the rate coefficients 7.5 × 10 −8 cm 3 s −1 and 2.8 × 10 −25 cm 6 s −1 correspondingly at 260 K. The two-body rate coefficient is in excellent agreement with results from storage ring experiments and theoretical calculations. We suggest that the three-body recombination involves formation of highly excited Rydberg neutral H3 followed by an l-or m-changing collision with He. Plasma electron spectroscopy indicates the presence of H3.
Recombination of H + 3 with electrons was studied in a low temperature plasma in helium. The plasma recombination rate is driven by two body, H + 3 + e − , and three-body, H + 3 + e − + He, processes with the rate coefficients 7.5 × 10 −8 cm 3 s −1 and 2.8 × 10 −25 cm 6 s −1 correspondingly at 260 K. The two-body rate coefficient is in excellent agreement with results from storage ring experiments and theoretical calculations. We suggest that the three-body recombination involves formation of highly excited Rydberg neutral H3 followed by an l-or m-changing collision with He. Plasma electron spectroscopy indicates the presence of H3. Recombination of H + 3 with electrons has been the subject of many experimental and theoretical studies for nearly 50 years. Because of the high hydrogen abundance in the universe, H + 3 plays a key role in interstellar molecular clouds and planetary atmospheres [1] . It is also an important ion in many laboratory hydrogen-containing plasmas and in technological applications, including cold regions of fusion devices. Despite enormous effort, the process of H + 3 recombination is still controversial (see the critical discussion in Ref. [2] ).
Early theoretical studies suggested that the H + 3 recombination rate is slow, although experiment gave a much higher recombination rate. Inclusion of nonBorn-Oppenheimer Jahn-Teller coupling significantly improved the theory and [3, 4] gave a high rate of the dissociative recombination (DR) with the rate coefficient (RC) α = 7.8 × 10 −8 cm 3 s −1 at 300 K. Recent storage ring experiments [5, 6] with cold ion sources obtained a DR rate for 300 K in good agreement with theory. Discrepancies remain just in connection with para and ortho H + 3 DR. The disagreement with plasma experiments has not been solved until now [7, 8] .
Essentially two different types of the experiments have measured the DR RCs: Colliding beam experiments [9] , where binary cross sections are measured, and afterglow experiments [7] where one monitors the decay of the H + 3 -dominated plasma and the recombination RC α(T ) versus temperature is obtained. The essential difference is that in the beam experiments only binary collisions are important, whereas in a plasma many-body processes are possible and can play an important role.
In this article we present new experimental data for recombination in an H + 3 -dominated plasma. The new results and the analysis reveal the importance of threebody processes in plasma recombination and finally reconcile the theoretical and experimental storage ring results with the plasma experiments.
The first experiment discussed here is the advance integrated stationary afterglow experiment (AISA), where a plasma was generated by pulsed microwave discharge in a He/Ar/H 2 mixture [7, 8] . The presence of He/Ar/H 2 is essential because H + 3 is formed in the sequence of ionmolecule reactions [7, 8] . After the microwaves shut off, the decay of the cold H + 3 dominated plasma is monitored over 60 ms with a Langmuir probe. From this plasma decays, recombination RCs as small as 5 × 10 −9 cm 3 s −1 can be measured with AISA. In AISA we studied the dependence of recombination RC on the partial pressure of H 2 . Examples of the data obtained are plotted in Fig. 1 . The plasma recombination RC α eff is extracted under the assumptions that the plasma is quasi-neutral and that the decay is dominated by processes described by the balance equation:
where n e and n + are the electron and ion densities, respectively. The AISA data plotted in Fig. 1 [10] ) we built another stationary afterglow experiment -Test Discharge Tube equipped with a near-infrared Cavity Ring Down Spectrometer, TDT-CRDS [11] . In this experiment the decay of H + 3 (v = 0) was monitored during the afterglow (after microwaves shut off) and α eff was obtained. From the Doppler broadening of the absorption line the kinetic temperature of ions was determined [12] . High electron (and ion) density was used in the TDT-CRDS experiment in order to have sufficient signal-to-noise ratio. The results of TDT-CRDS obtained in the "saturated" region agree well with the AISA data.
To obtain even higher control over the plasma parameters in a recombination-dominated afterglow we have adapted a flowing afterglow apparatus (FALP variant [13] , see Fig. 2 ) to study the slow recombination pro- The variation of recombination RC with H2 density for two different He pressures. The data were obtained in AISA [7, 8] and FALP experiments. The theoretical value for the binary RC is indicated [3, 4] , as is the current value from storage-ring experiments [5, 6, 9] .
cesses with RCs down to 10 −8 cm 3 s −1 . In this FALP, the plasma is formed upstream in the microwave discharge. To remove metastable helium by Penning ionization, Ar is added through port P 1 . In the He/Ar mixture an Ar + dominated plasma is formed [7, 13] and carried along the flow tube for 30 ms. When the plasma is already cold, H 2 is introduced via port P 2 , which forms an H + 3 dominated plasma [7] . The decay of the H formation [13] . On the base of these studies we can conclude, that influence of H + 5 formation on measured α eff can be excluded at 260
Principle of the FALP method. Buffer gas (He) flows from the discharge region towards a pump (right side). Reactants are added via ports P1 and P2. The relation between time (t) and position is given by buffer gas velocity.
Region of high H 2 density. In order to understand the mechanism of recombination we concentrate first on the "saturated" region, i.e. on data obtained with
In these conditions, α eff depends only on the He pressure. Fig. 3 plots the values of α eff obtained in AISA, FALP and TDT-CRDS experiments in the "saturated" region at 260 K for various He densities. Fig. 3 also includes the theoretical RC [19] and results obtained in other laboratories where a He/H 2 mixture was used; in cases where their data were obtained at different temperature (but close to 260 K) the corresponding value α eff (260 K) was calculated assuming a T −0.5 e dependence. The following observations are relevant to interpreting the plotted data: (i) Pittsburgh group, stationary afterglow [14] . The measurement was in the saturation region at 18.7 Torr and 300 K. α eff = 2.3 × 10 −7 cm 3 s −1 (Fig. 2 of Ref. [14] ).
(ii) Smith and Spanel (Fig. 4 of Ref. [10] ). At the beginning of the decay α eff (300 K Fig. 3 of Ref. [15] ). (iv) Adams and Smith, FALP. Fig 2. of Ref. [16] shows the decay curve with a fast decay at the beginning and a slower decay towards the end of the flow tube. Interpretation for this behavior will be discussed elsewhere. Here, we use the rate constant of the fast decay, α eff (300 K) = 7 × 10 −8 cm 3 s −1 at 1.2 Torr. (v) Storage ring with cold ion sources [5, 6] . (vi) Our lab, TDT-CRDS, present data, and data from Refs. [11, 12, 17] . These are the only measurements made in He/Ar/H 2 mixture using absorption spectroscopy. The decay was measured in relatively early afterglow, at 50 − 300 µs and electron densities n e0 ∼ 5×10 11 cm −3 . (vii) Our lab -stationary afterglow, AISA and VT-AISA, present data and data from Refs. [7, 8] . (viii) Our lab -FALP (two different constructions), present study and data from Refs. [7, 18] . (ix) Theoretical value [19] . Experimental data ]τ a α * n e , and the three-body RC is estimated ask * = k l τ a α * . The RC α * is larger than the DR RC α DR = 7.5 × 10 −8 cm 3 s −1 (T = 260 K) [4] by about a factor 10, Our calculation shows that the molecules H * 3 (having relatively short lifetime 10 − 100 ps) are formed mostly in highly excited Rydberg np states with n ∼ 20 − 70. This is because the second ionization threshold for para-H + 3 is 170 cm −1 above the lowest ionization threshold. This difference happens to coincide approximately with the temperature of the experiment T = 260 K. At energies below the second ionization threshold, the H 3 system has an infinite number of p-state resonances with widths comparable to the splitting between resonances. The probability of capture to one of these resonances is comparable to unity [4] . Thus, ifH * 3 is formed from H * 3 in l-changing collisions with He, they are formed in highly excited Rydberg states that should have very long lifetimes since the lifetime scales as n 3 . In fact, at even lower electron temperatures < ∼ 100 K, the binary DR RC is predicted to be significantly smaller [19] H * 3 is highly excited, with energy close to ionization, then this reaction is exothermic and the ejected electron can have energy up to 0.75 eV. Fast electrons with energy 0.75 eV produced in cold plasma with electron temperature T e ∼ 0.03 eV can be in principle detected by measuring the electron energy distribution function (EEDF) [23, 24] . This method is named plasma electron spectroscopy (PES) [25, 26] . In the experiment the discharge was in He, then Ar was added via port P 1 , and 30 ms later, Xe and H 2 were added through port P 2 considered as t = 0. The densities of H 2 and Xe were made similar, in order to have comparable probabilities of reaction withH * 3 .
Measured EEDFs in He/Ar/H 2 /Xe afterglow plasma are depicted in Fig. 4 . The measured EEDFs clearly indicate a production of fast electrons with energy ε ∼ 0.75 eV in the plasma, as expected for the Xe reaction process. The method is not yet sufficiently elaborated to account for potential superelastic collisions of electrons with internally excited ions (e.g. XeH + ) and to give quantitative results. Qualitatively, the measured EEDF evolution indicates that at low decay time, when the recombination is fast, the production of energetic electrons is also fast; at a longer decay time the production becomes slower and EEDF approaches a Maxwellian shape.
Analysis of the present and several previous experiments involving an H + 3 -dominated plasma provides firm evidence that the rate of plasma recombination strongly depends on the density of the background helium. More importantly, the analysis suggests that at the limit of zero He density, the thermal RC for binary recombination in all considered plasma experiments is in agreement with the recent storage ring experiments and with theory. Thus, the 50-year old problem of disagreement for the binary DR RC at low energies between different experiments and theory appears to be resolved. Finally, the present experimental data suggests that longlivedH * 3 molecules exist in the H + 3 -dominated plasma and play an important role in the plasma recombination.
